The effects of frequency of contraction and of external calcium and sodium concentration on the inotropic actions of acetylcholine (ACh) on isolated mammalian myocardium were examined. In stimulated left atria of cats, ACh reduced tension development, i.e. exerted a negative inotropic effect, which became more striking as the frequency of contraction was increased and was inhibited by atropine. In cat papillary muscles studied at a low frequency ( < 42/ min), high concentrations of ACh augmented tension development, i.e. produced a positive inotropic effect, which was enhanced by atropine. At high frequencies (>72/min) this positive effect of ACh was abolished. Moreover, at high frequencies, ACh consistently further reduced the normal increment in tension associated with increasing frequency. The magnitude of the positive inotropic action of ACh on papillary muscle was abolished by lowering the extracellular [Na + ] and varied inversely with the extracellular [Ca 2 + ]. These findings were interpreted in terms of a dual action of ACh on the myocardium:
• The effects of the parasympathetic nervous system on myocardial contractility are complex. In the intact heart, vagal stimulation has been shown to depress atrial (1, 2) and to a lesser extent, ventricular contractility (3, 4) . In isolated heart muscle, acetylcholine (ACh) depresses atrial contractions (5, 6) but it has a positive inotropic effect on ventricular muscle under certain conditions (6) (7) (8) .
The stimulation of ventricular contractility by ACh has been attributed to the release of norepinephrine from sympathetic nerve endings in the heart (9) (10) (11) . However, it was recently demonstrated in this laboratory that: (1) the positive inotropic response of ventricular myocardium to high concentrations of ACh may be independent of both cardiac norepinephrine stores and sympathetic innervation; (2) ACh may stimulate or depress ventricular contractility, depending upon the concentration that is applied, and (3) only the negative inotropic response is blocked by atropine (6) . Further, it was shown that the 574 FRIEDMAN, BUCCINO, SONNENBLICK, BRAUNWALD positive inotropic response to high concentrations of ACh resembles that to calcium (Ca 2 + ) more closely than that to norepinephrine; that is, the rate of tension development increases with only small reductions in the time to peak tension. These observations suggested that high concentrations of ACh act directly on the myocardium rather than through the release of norepinephrine, and the present investigation was undertaken to define more clearly the nature of this positive inotropic response exerted by ACh.
It has been demonstrated that nicotine in high concentrations, like ACh, produces a positive inotropic effect in the absence of cardiac norepinephrine stores and in the presence of hexamethonium (6) . The increased contractility produced by nicotine (12) and tetraethylammonium (13) , a drug that resembles ACh structurally, is associated with an increased uptake of Ca 2+ into ventricular muscle. The augmentation of myocardial contractility produced by increasing extracellular [Ca 2+ ] or by lowering extracellular [Na + ] is believed, in each instance, to result from an increase in intracytoplasmic [Ca 2+ ] (14) . In order to investigate the possibility that the inotropic effect of ACh is also related to elevations of intracytoplasmic [Ca 2+ ], the basic plan of the present study was to investigate the effects of altering the frequency of contraction and of the extracellular [Ca 2 + ] and [Na + ] on the response of isolated heart muscle to ACh.
Methods
Forty-six adult cats were anesthetized with sodium pentobarbital (25 mg/kg ip) and left atria and right ventricular papillary muscles were removed rapidly and suspended in a bath containing oxygenated Krebs solution, maintained at a temperature of 30°C, as described previously (15) . The papillary muscles were 5 to 13 mm in length and 0.3 to 1.3 mm 2 in cross-sectional area.
Papillary muscles and atria were held at one end by a spring-loaded clip forming the end of a rigid pin attached directly to a Statham (GI-1-100) force transducer. Isometric tension was measured at the apex of the length-active tension curve and, for the papillary muscles, corrected for cross-sectional area and expressed in grams per square millimeter. Isometric tension and changes in tension in atrial myocardium were expressed in absolute terms or as a nercentage of control, resoectively, since atrial fibers are not parallel and thus do not allow meaningful normalization of tension in terms of cross-sectional area. Quiescent papillary muscles and atria were stimulated with square-wave, DC impulses of 4 msec duration and a voltage 10% greater than threshold delivered through field electrodes placed parallel to the muscles' long axes. In order to reach steady-state levels of tension prior to initiating the experiment, papillary muscles and atria were stimulated to contract isometrically for 45 min at frequencies of 12 and 30 contractions/ min, respectively. The stimulus artifact, active tension, and its first derivative were recorded on a Sanborn direct-writing oscillograph.
Solutions of ACh chloride were freshly prepared prior to each experiment and added to produce a concentration of 1 fj.f/ ml in the atrial bath and 30 /Ag/ml in the papillary muscle bath; these concentrations had previously been shown to produce approximately a 50% change in peak isometric tension (6) . The concentration of atropine in the bath, 1 yu-g/ml, was the largest capable of inhibiting competitively the effects of ACh without exerting a direct effect on isometric tension. The relationship between frequency of contraction and response to ACh was studied at frequencies between 1 and 180/min, in both the presence and absence of atropine. The maximum response was determined when active tension was stable at each frequency. ] was reduced, the solution was made isomotic with sucrose. Individual muscles were used for studying the effects of changing the concentration of one ion. When the standard solution was replaced by a test solution, at least 20 min elapsed prior to exposure to ACh, and stabilization of tension in the standard solution preceded each substitution of the test solution. Active tension was measured at steady-state levels before and after any intervention. Sustained post-extrasystolic potentiation produced by continuous paired electrical stimulation was utilized in some experiments as an index of maximum isometric tension. Observations on eight left atria first equilibrated at each of the frequencies noted on the abscissa and then exposed to 1 tig/ml ACh. The tension shown on the ordinate is calculated as the percentage of control tension. Average values ± SEM are shown at each frequency.
Results

EFFECTS OF FREQUENCY OF CONTRACTION ON RESPONSES TO ACh
Left Atria.-Eight left atria were stimulated to contract at frequencies between 1 and 120/min until the tension developed was constant and then exposed to 1 /ig/ml ACh. The muscles were washed with drug-free solution prior to each change in frequency and addition of ACh. The relative reduction in tension produced by ACh was found to be a function of and to vary directly with the frequency of contraction ( Fig. 1) . A descriptive explanation for these findings was provided by studies on six other atria in which the entire force-frequency relation was determined before and after a single addition of ACh. This substance was found to depress tension at all frequencies and to prevent the normal alterations in force that occur when frequency is varied between 6 and 180/min ( Fig. 2 ). All of these changes produced by ACh on atrial muscle could be blocked by prior treatment with atropine (1 jiig/ml).
Papillary Muscles.-At slow frequencies of contraction (12/min), ACh (30 fig /ml ), always increased isometric tension above that without ACh ( Fig. 3 top) , an effect that could be enhanced by previous administration of atropine (Figs. 4 and 5) . In contrast, at higher frequencies (42 to 120/min), the stimulatory effect of this concentration of ACh was Representative force-frequency relation of left atrial strip before and after a single addition of ACh. rarely observed, and instead, this substance reduced isometric tension ( Fig. 3 bottom) , an action which could be reversed by the addition of atropine ( Fig. 6 ). A reduction of tension in response to ACh was observed at frequencies exceeding 72/min in all 11 muscles studied, while at frequencies between 42 and 72/min the results were variable; three muscles demonstrated a small enhancement of tension development, while in the remainder the tension declined. The ACh-induced fall in tension at high frequencies was observed at all concentrations of Ca 2 + , Na + and K + studied.
The effects of ACh, and of the combination of atropine and ACh, on the force-frequency relations of six additional papillary muscles were also determined. Although an augmentation in tension was always observed as frequency was increased (Figs. 4 and 5) ACh reduced the extent of this augmentation in tension at the higher frequencies. Thus, after ACh, the average tension at 12/min was significantly higher (P<0.005), and at 90/ min it was significantly lower (P < 0.02), than that which was present prior to the addition of the drug. Exposure of the muscle to atropine prior to ACh blocked the ACh-induced reduction of tension observed at frequencies greater than 42/min and further augmented the ACh-induced increase in tension development at lower frequencies (Figs. 4, 5) . The observed alterations in the forcefrequency relation caused by ACh, and by the combination of atropine and ACh, resulted from changes in the rate of tension development, while the time to peak tension at any frequency was not significantly changed from control values by either ACh or the combination ( Fig. 4) .
Because it has been suggested that the core of a rapidly contracting papillary muscle may become hypoxic (16) , the possibility that the effects of ACh at high frequencies were related to hypoxia was examined in four muscles. These muscles were rendered hypoxic while contracting at 12/min by substituting N 2 for the O 2 bubbled through the Typical example of the effects of ACh on the force-frequency relation in a single papillary muscle before and after atropine.
bathing solution for 10 min. However, despite the lack of oxygen, ACh still produced an augmentation of force, which averaged 3 2 ± 0.9 g/mm 2 .
ELECTROLYTE CONCENTRATIONS AND THE RESPONSE TO ACh
External [Ca 2+ ].-In 12 papillary muscles contracting at a frequency of 12/min, the Average force-frequency curves obtained from 6 papillary muscles exposed to ACh before and after atropine. Control points obtained before the addition of ACh alone were essentially identical to those after the ACh was washed out and prior to the addition of the combination of atropine and ACh and therefore are represented as a single curve. Each point and vertical bars represent average ± SEM. less than 10.5 mM it did not elevate it to the levels achieved with 10.5 mM [Ca 2 + ]. External [Na + ].-When external [Na+] was reduced, an increase in tension was observed in ten papillary muscles, contracting at a frequency of 12/min ( Fig. 9 ). Although ACh uniformly caused an increase in contractile tension when [Na + ] was 146 mM, no consistent effect was observed at [Na + ] of 125 mM, and a predominantly negative ef-fect was observed at [Na + ] of 110 mM (Fig.  9 ). The average peak tension developed following ACh was higher in the muscles exposed to [Na + ] of 146 mM than to lower concentrations. However, paired electrical stimulation elevated tension to the same level at each [Na + ] studied, and the tension during paired electrical stimulation always exceeded that following ACh (Fig. 9) .
External Reversal by atropine of the negative inotropic effect of ACh at a high frequency of contraction. mM to 9.5 mM in four papillary muscles contracting at 12/min did not alter the tension before or after the addition of ACh. 
Discussion
In an earlier study it was suggested that myocardial tension development is reduced when muscarinic receptors in either atrial or ventricular myocardium are stimulated by low concentrations (1 fig/ml or less) of ACh (6) . These receptors are thought to be associated with vagal nerve endings and to be present in much greater concentration in atrial than in ventricular myocardium. When relatively high concentrations (100 to 300 /xg/ml) of ACh are employed, a positive inotropic effect can be elicited from ventricular myocardium (6) (7) (8) . ACh is known to release norepinephrine from sympathetic nerve endings in the heart (17) and it has been suggested that the stimulation of ventricular contractility by ACh results entirely from the release of norepinephrine (7, 8) . However, this now appears to be unlikely, since the augmentation of tension development exerted by high Average tension of 10 papillary muscles before and after ACh at each [Na + ] depicted. The frequency was 12/min, and maximum tension development was produced by paired electrical stimulation (PES). Vertical bars represent ±SEM.
concentrations of ACh was shown to occur in the absence of sympathetic innervation and ventricular norepinephrine stores (6) .
The results of the present study support the view that the positive inotropic action of ACh is mediated through the system which Schematic representation of the hypothesis of ACh action on myocardium described in the text.
regulates the intracytoplasmic concentration of Ca 2 + . While the negative inotropic effect of ACh on atrial and ventricular tissue was enhanced at high frequencies of contraction, the positive effect on ventricular myocardium was generally observed only at relatively low frequencies (<42/min). Further, when the frequency of contraction was held constant at 12/min, the magnitude of the positive effect was found to vary inversely with [Ca 2+ ], and a reduction of [Na + ] was found to abolish the increase in contractility produced by ACh. Studies on a variety of tissues have shown important interrelations between ACh and [Ca 2 + ]. Thus, ACh may alter membrane permeability to Ca 2+ (18) (19) (20) (21) (22) , and in turn, the release of ACh from nerve cells appears to be dependent on the [Ca 2 + ] (23, 24) . There is general agreement that Ca 2+ provides the link between membrane depolarization and contraction, i.e. excitation-contraction coupling, that Ca 2+ uptake by quiescent cardiac muscle is directly proportional to its extracellular concentration, and that Ca 2+ influx into heart muscle varies directly with the frequency of depolarization (14) . Further, it has been postulated that Na + competes with Ca-+ for sites on intracellular membranes associated with activation, so that a decrease in the extracellular [Na + ] may be expected to make greater quantities of Ca 2+ available to the contractile system during activation (25) .
Although the effects of ACh on Ca-+ kinetics in the ventricle remain unexplored, the findings of the current study, when correlated with other information, suggest the following interpretation. While ACh does not appear to shorten the duration of the transmembrane action potential of ventricular myocardium (26) , its negative inotropic effect in atrial tissue is associated with a marked shortening of the action potential (27) and a decrease in Ca 2+ uptake (28) . Since the duration of the depolarization of the cell membrane may be one of the factors which controls the influx of Ca 2+ into muscle cells (29) , this abbreviation of the action potential, which can be blocked with atropine (30), may be responsible for the negative inotropic effect exerted by ACh on the atrium, i.e. the action on muscarinic receptors. Thus, this effect may oppose a direct action of ACh which increases permeability of the cell membrane to Ca 2+ (18) (19) (20) (21) (22) . On the other hand, since ACh does not shorten the duration of the action potential of ventricular myocardium perceptibly (26) , an increase in cell membrane permeability to Ca-+ induced by ACh may be postulated to account for its positive inotropic effects at low frequencies of contraction and at less than optimal [Ca 2+ ], When the intracytoplasmic concentration of Ca 2+ is already elevated, as it is believed to be at high frequencies of contraction, at a high extracellular [Ca 2 + ], or at a low extracellular [Na + ], then it is possible that ACh either fails to raise intracytoplasmic [Ca 2 + ] further or ACh-induced elevations in intracytoplasmic [Ca 2 + ] fail to augment contractility further. Under the circumstances of a high frequency of contraction Circulation Research. Vol. XXI, November 1967 or low extracellular [Na + ], ACh depresses the contractility of ventricular myocardium slightly. Since this small depression may be prevented by atropine, it may be presumed to be mediated through the muscarinic receptors rather than through a direct action on [Ca 2 + ] kinetics.
In conclusion, the results of this study are consistent with the following working hypothesis (Fig. 10) . The effects of ACh on myocardial contractility may result from an interplay between at least two actions: (1) a depression of contractility resulting from stimulation of muscarinic receptors associated with vagal nerve endings and (2) an augmentation of contractility that results presumably from an increase in the intracytoplasmic [Ca 2+ ] available to the contractile machinery. The first action may be blocked by atropine, while the second may be interfered with, or even prevented, by prior augmentation of intracytoplasmic [Ca 2 + ]. The activation of the large number of muscarinic receptors in atrial myocardium by ACh depresses atrial contractility, particularly at high frequencies of contraction. In ventricular myocardium the muscarinic effect is relatively small, and ACh augments contractility unless intracytoplasmic [Ca 2 + ] has already been elevated. If it has been, the muscarinic effect of ACh is unopposed, resulting in a decrease in contractility which may be blocked by atropine.
